Based on relativistic wavefunctions from multiconfigurational Dirac-Hartree-Fock (MCDHF) and configuration interaction calculations, energy levels, radiative rates, and wavelengths are evaluated for all levels of 3s 2 3p, 3s3p 2 , 3s 2 3d, 3p 3 , 3s3p3d, 3p 2 3d and 3s3d 2 configurations of Al-like Molybdenum ion (Mo XXX). Transition probabilities are reported for E1 and M2 transitions from the ground level. The valence-valence and core-valence correlation effects are accounted for in a systematic way. Breit interactions and quantum electrodynamics effects are estimated in subsequent relativistic configuration interaction calculations. Comparisons are made with the available data in the literature and good agreement has been found which confirms the reliability of our results.
Introduction
The spectra of Al-like ions(Z>30) have received a great deal of attention both experimentally and theoretically. The Al-like molybdenum studied in this paper is no exception. Molybdenum has many applications in different scientific fields. For example, molybdenum can be used as component of plasma-facing material in the Alcator C-Mod reactor [1] or the experimental advanced superconducting tokamak [2] . These applications need a large amount of atomic parameters to describe the different ionization degrees of Mo. But for Al-like molybdenum, radiative data have only been published from few works.
In the experimental front, spectra of Mo XXX generated in a laser-produced plasma were observed from 10 to 190Å
by Burkhalter et al [3] . The spectra of Mo formed by laser beam irradiation of solid molybdenum targets were produced by Mansfield et al [4] . Transitions of the 3s 2 3p k -3s3p k+1 and 3p k -3p k−1 3d transitions of molybdenum were identified in the Princeton large torus tokamak by Finkenthal et al [5] . Wavelengths of the transitions of 3s 2 3p-3s3p 2 and 3s 2 3p-3s 2 3d
in the Mo XXX were reported by Hinnove et al [6] .Al-like spectra of molybdenum generated in a tokamak plasma was recorded by Sugar et al [7] . Detailed analysis of the n=3,∆n=0 transitions in Mo XXX from the JET tokamak plasmas were made by Jupén et al [8] .
In the theoretical front, Farrag et al used the relativistic wave functions obtained by the parametric-potential method to study the trends of energy levels and oscillator strengths for electric-dipole for Al-like ions [9, 10] . Sugar and Kaufman performed three parameters method to calculate the wavelength and transition rates for magnetic-dipole transitions within 3s 2 3p for Mo XXX by [11] . Huang applied the multiconfiguration Dirac-Fock(MCDF) technique to present energy levels and wave functions [12] . Gebarowski et al gave a relativistic multiconfiguration Dirac-Fock study of 3s 2 3p-3s 2 3d
transition in aluminum isoelectronc sequence [13] . [21, 22] , in this paper, the valence-valence(VV) and core-valence(CV) correlation effects are taken into account in a systematic way. Breit interactions and quantum electrodynamics(QED) effects have been added. This computational approach enables us to present a consistent and improved data set of all important transitions of the Mo XXX spectra, which are useful for identifying transition lines in further investigations.
Method

Theory
The MCDHF method has recently been described in great detail by Grant [23] . Hence we only repeat the essential features here. Starting from the Dirac-Coulomb Hamiltonian
where V N is the monopole part of the electron-nucleus Coulomb interaction, the atomic state functions (ASFs) describing different fine-structure states are obtained as linear combinations of symmetry adapted configuration state functions (CSFs)
In the expression above J and M J are the angular quantum numbers. γ denotes other appropriate labeling of the configuration state function, for example parity, orbital occupancy, and coupling scheme. The configuration state functions are built from products of one-electron Dirac orbitals. In the relativistic self-consistent field (RSCF) procedure both the radial parts of the Dirac orbitals and the expansion coefficients are optimized to self-consistency. The Breit interaction
as well as leading quantum electrodynamic (QED) corrections can be included in subsequent relativistic configuration interaction (RCI) calculations [24] . Calculations can be done for single levels, but also for portions of a spectrum in the extended optimal level (EOL) scheme, where optimization is on a weighted sum of energies [25] . Using the latter scheme a balanced description of a number of fine-structure states belonging to one or more configurations can be obtained in a single calculation.
Generation of configuration expansions
Different correlations were included into the calculation in a systematic approach. The correlation energy is defined as the energy difference between the exact solution to the Dirac equation and the DF solution. The contribution from different types of correlation then can be defined as the energy difference between the solution including the particular correlation under investigation and the DF solution. To classify the correlation, the atomic electrons can be divided into two parts: valence electrons and core electrons [23] . As a result, the correlation between the valence electrons is defined as valence correlation (VV), and the correlation between the valence electrons and core electrons is defined as core-valence correlation (CV) [23] .
It is, from some perspectives, desirable to perform separate calculations for each of the studied atomic states. This approach, however, is impractical and time consuming. Instead the atomic state functions for a number of closely spaced levels were determined together in the so-called extended optimal level (EOL) procedure [25] . To account for the close degeneracy between 3s 2 3p and 3s3p 2 , the atomic state functions for 3s
2 D 3/2,5/2 and 2 S 1/2 , were determined simultaneously. In the remaining cases atomic state functions for levels belonging to the same configuration were grouped together.
In the MCDHF approach, the correlation is represented by different constraints on the generation of the CSFs included in equation 2. If we only include the VV, the core electrons are kept fixed in all the CSFs generated. To include CV, we allow one of the core electrons to be excited to generate the CSFs.
Calculation procedure
As a starting point MCDHF calculations in the EOL scheme were performed for each group of atomic states using configuration expansions including all lower states of the same J symmetry and parity, and a Dirac-Coulomb version was used, for the optimization of the orbitals, including Breit corrections in a final configuration interaction calculation [23] .
To build a CSF expansion, the restrictive active space methods were also used. The idea of the active space methods is to consider only electrons from the active space and to excite them from the occupied orbitals to unoccupied ones. The orbital was increased systematically in order to monitor the convergence of the calculation. Since the orbitals with the same principal quantum number n often have similar energies, the active set is usually enlarged in steps of orbital layers.
It is convenient to refer to the {1s, 2s, 2p} set of orbitals as the n = 2 orbital layer, {1s, 2s, 2p, 3s, 3p, 3d} as the n = 3 layer, etc. Larger orbital sets can result in a considerable increase of computational time required for the problem, and appropriate restrictions may be necessary. We divided up the calculations into two parts, one where we optimized a set of orbitals for the even states and one for the odd states, i.e. the upper and lower states were described by two independently optimized sets of orbitals. Because of this we had to use biorthogonal transformation [26] of the atomic state functions to calculate the transition parameters.
In our calculations, we generate the CSFs using the active space approach, we do this by exciting electrons from the spectroscopic reference configuration to a set of orbitals called the active set (AS). The active set is a set of orbitals which are all orbitals except those common to all CSFs, and it defines the CSFs included in the ASF. We increase the AS in a systematic way to ensure the convergence of the atomic parameters under consideration.
Some tests were undertaken for Mo XXX, to determine what sort of corrections is necessary to be included in our calculation. First, we only included the VV . In subsequent calculations, the CV correction due to the 1s, 2s, and 2p orbitals was successively included. The results of these tests show CV makes significant changes to the calculations and cannot be ignored. Furthermore, the largest contribution is due to the CV correction from the 2p orbitals, and the correction from the 1s and 2s CV correction is very small. Thus, like our previous papers, we only include the CV of 2p in calculation.
The similar calculation procedure have been introduced in ref [22] . For Al-like ions, the ground and first excited configurations are 3s 2 3p, and 3s3p 2 respectively. In the first step, the active set(AS) is
Then, the active set was increased in the way shown as follows:
The VV and CV used different active set, here we discussed each clearly.
Here, in our VV method, we set 1s 2 2s 2 2p 6 as our core electrons in the calculation. Then we considered to increase the principal quantum number n, and optimized the orbitals AS1, AS2, AS3, and AS4.
In CV model, the core electrons is 1s 2 2s 2 2p 5 , then we optimized the layer by n. We generate the CSFs of the form of 1s 2 2s 2 2p 5 ASn, n=1-4. Also, the CSFs of CV have the form of 1s 2 2s 1 2p 6 ASn, n=1-4.
Results and discussion
The success of a calculation relies on a judiciously chosen configuration expansion [27] . To ensure the convergence of a calculated expectation value within a certain correlation model, the configuration expansion must be enlarged in a systematic way. A very efficient way of doing this is to use the active set approach, where jj -coupled configuration state functions of a specified parity P and angular momentum. J symmetry are generated by excitations from one or more reference configurations to an active set of orbitals. The convergence of the atomic property can then be studied as a function of the size of the active set. The GRASP2K procedure JJ2LSJ [29] results are very close to one another in the description of the configuration-interaction wave functions. Because of the strong mixing, our original results for levels 9 and 11 were 3s3p 2 ( 2 P 3/2 ) and 3s 2 3d( 2 D 3/2 ), which were different from experimental results. According to the NIST results, we adjusted the levels 9 and 11 to 3s 2 3d( 2 D 3/2 ) and 3s3p
For more complex systems it sometimes happens that two the same dominating LSJ term. The two levels will then get the same quantum labels in our output. In appendix A, many more Mo XXX E1 transitions in the soft X-ray region are listed than in any of the previous studies. The transition rate, the weighted oscillator strength and the line strength are given in Coulomb (velocity) and Babushkin (length) gauges. Also, for the electric transitions the relative difference(dT)(dT = abs(
between the transition rates in length and velocity gauges are given. A value close to dT=0 for an allowed transition is a known accuracy indicator [31] . In many cases the values are reasonably close to 0 but in other cases, for example the 15-81, 3p 3 2 D 1/2 -3s3d 2 ( 3 P 2 ) 2 P 1/2 transition, the difference can be larger than 0.9. In particular, our calculations presented in appendix A provide comprehensive new data for M2 transitions for Mo XXX, which no existent data for public. This will help with the identification of spectral lines of Mo XXX.
Summary
MCDHF and RCI calculations for 3s 2 3p, 3s3p 2 , 3s 2 3d, 3p 3 , 3s3p3d, 3p 2 3d and 3s3d 2 configurations of Al-like Molybdenum are presented. Fine structure energy levels, oscillator strengths, line strengths, transition probabilities and wavelengths for transitions among levels belonging to these levels are performed. The valence-valence and core-valence correlation effects are accounted for in a systematic way. The calculated energy levels and weighted oscillator strengths with core-valence correlation effect show a good agreement with both theoretical and experimental data from the literature. The computed wavelengths are almost spectroscopic accuracy, aiding line identification in spectra. Uncertainties of the transition ares are estimated by dT, as suggested by Ekman et al [31] . For most of the strong transitions, dT is below 0.1. For the weaker transitions, dT is somewhat larger, can up to 0.99. In addition, we have obtained some new and previously unpublished energy levels for this ion. Our results are useful for many applications such as controlled thermonuclear fusion, laser and plasma physics as well as astrophysics. Table B The configuration mixing coefficients and contributions for some level in Mo XXX. The number in the parenthesis refers to the level number(the key in Table 1 ). 
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